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Deuteriumisotopie-Effekte  beim  Abbrand  von  HMX:  Verwirklichung 
des  chemisch-kinetischen  Kontrollmechanismus  fur  die  Abbrandge- 
schwindigkeit 

Das  Auftreten  eines  signifikanten  Deuteriumisotopie-Effekts  beim 
Abbrand  der  festen  HMX-Komponente  bestatigt,  dal3  die  chemische 
Reaktionskinetik  ein  wichtiger  Beitrag  ist  zur  Bestimmung  derexperi- 
mentell  beobachteten  oder  globalen  Abbrandgeschwindigkeit.  Der 
Vergleich  der  Abbrandgeschwindigkeit  zwischen  HMX  und  markier- 
tem  HMX-d,  zeigt  einen  ..primaren  kinetischen  Deuteriumisotopie- 
Effekt"  (=  1°  KDIE)  bei  Driicken  von  3.55  MPa  und  6.99  MPa  und 
identifiziert  selektiv  den  Bruch  der  CH-Bindung  als  den  mechani.sti- 
schen  Schritt,  durch  welchcn  die  Abbrandgeschwindigkeit  von  I'MX 
letztendlich  kontrolliert  wird  unter  den  statischen  Abbrandbedingan- 
gen  dieses  Experiments.  Der  1°  KDIE-Wert  legt  nahe.  daB  die 
geschwindigkeitsbegrenzend Spaltung  der  CH-Bindung  auftritt  wah- 
rend  der  HMX-Zersetzung  b;  w.  Deflagration  in  der  Festphase  alsTeil 
des  gesamten  Abbrandereigiiisses  und  wird  bestatigt  durch  andere 
unabhanig  veroffentlichte  Siudien.  Ein  moglicherweise  anomaler 
KDIE-Wert  bei  10.4  MPa  wire  angegeben.  Diese  KDIE-Experiniente 
in  der  kondensierten  Phase  ste  len  einen  direkten  Zusammenhang  her 
zwischen  thermischer  Zersetzung  und  Deflagration  bei  niederer  Tem- 
peratur  bzw,  Druck  und  ihter  potentiellen  Anwendbarkeit  auf  das 
Abbrandsystem.  Als  wichtigstes  Ergebnis  wird  eine  neue  allgemeine 
Methode  vorgefiihrt  fiir  mechanistische  Abbranduntersuchungen,  die 
eine  selektive  in-situ  Identifikation  des  abbrandkontrollierenden 
Schrittes  der  Verbindung  erlaubt. 


EITet  isotopique  du  deuterium  dans  la  combustion  de  I'octogene:  veri¬ 
fication  de  la  cinetique  chimique  par  controle  de  la  vitesse  de  combus¬ 
tion 

L'apparition  d'un  effet  isotopique  significat’*'  du  au  deuterium  dans 
la  combustion  de  I'octogene  solide.  monire  que  la  cinctique  de  la 
reaction  chimique  est  un  element  cs.sentie)  pour  determiner  la  vitesse 
de  combustion  globale  ou  celle  observee  expcrimentalement  La  rom- 
paraison  entre  la  vitesse  de  combustion  de  I'octogene  normal  et  celle 
de  I'octogene  dope  HMX-d,  fait  apparaitre  un  »effet  isotopique  pri- 
maire  sur  la  cinetique«  aux  pressions  de  3.55  MPa  et  de  6.99  MPa  qui 
permet  d'identifier.  de  manierc  selective.  I'ouverture  de  la  liaison  CH 
constituant  le  mecanisme  qui  determine  en  fin  de  eompte  la  vitesse  de 
combustion  de  I'octogene  dans  les  conditions  de  cette  experience  de 
combustion  statique.  La  valeur  de  I'effet  isotopique  primaire  laisse 
supposer  que  I'ouverture  de  la  liaison  CH  qui  limite  la  vitesse  de 
combustion,  se  produit  pendant  la  decomposition  ou  la  deflagration  de 
I'octogene  en  phase  solide  et  constitue  une  partie  de  la  reaction  de 
combustion  globale.  Des  etudes  publiees  par  ailleurs  confirment  cette 
hypothese.  On  indique  une  valeur  de  I'effet  isotopique  primaire  pour 
une  pression  de  10.4  MPa.  valeur  qui  pourrait  etre  anormale.  Ces 
experiences  d'effet  i'oiopique  primaire  en  phase  solide  6tablissent  une 
relation  directe  entre  la  decomposition  thermique  et  la  deflagration  a 
basse  temperature  ou  a  basse  pression  et  son  application  potentielle  au 
mecanisme  de  combustion.  Comme  resultat  essentiel  on  prisente  une 
methode  generale  pour  I'analyse  des  facteurs  mecaniques  intervenant 
dans  la  reaction  de  combustion  qui  permet  une  identification  selective 
dirccte  des  modifications  que  subissent  les  composants  et  qui  d^termi- 
nent  icur  combustion. 


Summary 

The  appearance  of  a  significant  deuterium  isotope  effect  during  the 
combustion  of  the  solid  HMX  compound  verifies  that  the  chemical 
reaction  kinetics  is  a  major  contributor  in  determining  the  experimen¬ 
tally  observed  or  global  burn  rate.  Burn  rate  comparison  of  HMX  and 
its  deuterium  labeled  HMX-d*  analogue  reveals  a  primary  kinetic 
deuterium  isotope  effect  (1°  KDIE)  at  500  psig  (3.55  MPa)  and 
1000  psig  (6.99  MPa)  pressures  and  selectively  identifies  covalent  car¬ 
bon-hydrogen  bond  rupture  as  the  mechanistic  step  which  ultimately 
controls  the  HMX  burn  rate  under  the  static  combustion  conditions  of 
this  experiment.  The  1°  KDIE  value  further  suggests  the  rate-limiting 
C-H  bond  rupture  occurs  during  the  solid  state  HMX  decomposition/ 
deflagration  portion  of  the  overall  combustion  event  and  is  supported 
by  other  independently  published  studies,  A  pos.siblc  anomalous 
KDIE  result  at  1500  psig  (10.4  MPa)  is  addressed.  This  condensed 
phase  KDIE  approach  illustrates  a  direct  link  between  lower  tempera¬ 
ture/pressure  thermal  decomposition  and  deflagration  processes  and 


*  Address  for  correspondence  see  Ref.  2. 
'“see  Ref,  1, 


their  potential  applicability  to  the  combustion  regime.  Most  impor¬ 
tantly.  a  new  general  method  is  demonstrated  for  mechanistic  combus¬ 
tion  investigations  which  selectively  permits  an  in-situ  identification  of 
the  compound's  burn  rale-controlling  step. 

1.  Introduction 

The  experimental  use  of  condensed  phase  kinetic  deuterium 
isotope  effects  (KDIE)  with  various  energetic  compounds  and 
their  deuterium  (heavy  hydrogen)  labeled  analogues  is  emerg¬ 
ing  as  a  uniquely  effective  direct,  nonintrusive  approach  for 
investigating  the  key  mechanistic  features  present  in  thermally 
induced  exothermic  events  like  decomposition,  deflagration, 
and  thermal  explosion.  Although  a  complex  myraid  of  parallel 
and  sequential  short-lived  chemical  reactions  occur  during 
these  rapid,  high  energy  events,  the  KDIE  operates  during  the 
exothermic  episode  itself  and  can  selectively  identify  the 
specific  rate-determining  mechanistic  step  which  controls  the 
energy  release  rate  of  pure  liquid  and  solid  energetic  com¬ 
pounds. 
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This  investigation  extends  tne  conuenseti  phase  KDIE 
approach  into  the  combustion  regime  and  reveals  the 
mechaniotic  features  which  have  a  significant  effect  in  deter¬ 
mining  the  burning  rate  of  pure  solid  octahydro-l,3,5,7-tetra- 
nitro-1.3,5,7-tetrazocine  (HMX)  within  the  500  psig 
(3.55  MPa)  to  1000  psig  (6.99  MPa)  pressure  range.  The 
KDIE  data  obtained  for  HMX  and  its  deuterium  labeled 
analogue  (HMXd^),  Fig.  1,  may  be  consistent  with  a  1°  KDIE 
between  the  1000  psig  (6.99  MPa)  to  1500  psig  (10.4  MPa) 
range;  alternatively,  there  may  be  either  an  abrupt  or  gradual 
mechanistic  change  occurring  under  the  externally  imposed 
boundary  conditions  wrought  by  the  experiment’s  inherent 
physical  design.  Since  portions  of  this  data  were  first 
reported''^’,  subsequent  experimental  findings  regarding 
KDIE  considerations  and  physicochemical  HMX  combustion 
behavior  continue  to  support  the  concepts  initially  proposed. 

The  condensed  phase  KDIE  approach  was  originally 
applied  to  an  energetic  compound  in  the  mechanistic  ther¬ 
mochemical  decomposition  study  of  liquid  2,4,6-trinitro¬ 
toluene  (TNT)  and  its  deuterium  labeled  methyl  analogue 
fTNT-ct-di)'^'.  The  rate  constant  ratio  fkw/knl  and  more 


importantly  the  inversely  proportional  induction  time  ratio  (tp/ 
tn)  obtained  with  TNT  and  TNT-a-d^  samples  by  isothermal 
differential  scanning  calorimetry  (IDSC),  revealed  a  primary 
( 1°)  KDIE  equal  to  1 .66.  This  1°  KDIE  was  found  very  early  in 
the  decomposition  process  prior  to  the  TNT  reaching  a  self- 
sustained  autocatalytic  exothermic  energy  release;  it  clearly 
established  that  chemical  homolytic  covalent  carbon-hydrogen 
(C-H)  bond  rupture  in  TNT's  pendent  methyl  group  is  the 
kinetic  rate-determining  mechanistic  feature  which  controls  its 
autocatalytic  decomposition'^'.  Previously  conducted  TNT 
decomposition  product  analyses''*'  coupled  with  recently  com¬ 
pleted  ESR  studies"’’  further  confirm  this  conclusion.  A  struc¬ 
turally  related  compound  to  TNT.  liquid  2,2'.4,4',6,6'-hexa- 
nitrobibenzyl  (HNBB),  provided  a  similar  result  in  an  identi¬ 
cal  IDSC  study'*’.  Subsequent  investigations  using  this  IDSC 
technique  with  the  solid  state  thermochemical  decomposition 
of  1.3,5-triamino-2,4, 6-trinitrobenzene  (TATB)  and  its 
amino-labeled  deuterium  analogue.  TATB-df,,  revealed  that  a 
pendant  amino  group  N-H  bond  rupture  (TKDIE  =  1.5) 
constitutes  its  rate-controlling  kinetic  feature  during  the  first 
stage  of  T.ATB’s  two-stage  decomposition  process'”.  Elemen¬ 
tal  analysis  showed  a  lack  of  significant,  hydrogen  atom  com¬ 
position  in  the  decomposing  second  stage  material  and  con¬ 
firmed  the  r  KDIE  result.  This  same  study  also  disclosed  that 
an  apparent  1°  KDIE  operates  in  TATB’s  thermal  explosion 
suggesting  that  the  chemical  reaction  involving  N-H  bond  rup¬ 


ture  also  kinetically  controls  this  type  of  thermally  induced 


HMX  represents  the  first  nitramine  successfully  investigated 
with  the  condensed  phase  KDIE  approach  and  a  more  unified 
picture  of  its  controversial  thermochemical  decomposition 
process  surfaced**’.  An  IDSC  study  conducted  several  de¬ 
grees  below  the  melting  point  of  HMX  and  deuterium  labeled 
HMX-ds  produced  three  distinctly  different  KDIE  values  dur- 


■tl  V 
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Figure  I.  The  HMX  and  HMX-d,  chemical  structure. 


INVERSE  EFFECT:  <  1.00 

Figure  2.  Potential  KDIE  types  in  the  HMX  molecule. 

ing  the  same  experimental  run.  These  three  KDIE  values  were 
dependent  on  the  predominant  physical  state  of  HMX  in  three 
specific  portions  of  the  decomposition;  these  physical  states 
are,  in  turn,  dictated  by  the  externally  imposed  boundary  con¬ 
ditions  inherent  to  the  experimental  parameters  and  apparatus 
design.  As  shown  l  y  Fig.  2.  the  HMX  molecule  is  comprised 
of  four  identical.  repeating  methylene  nitramine 
(-CHj-SJ-NOj)  structural  fragments  bonded  together  in 
a  cyclic  arrangement  to  form  an  eight-membered  ring.  For 
simplicity,  potential  KDIE’s  which  the  HMX  molecule  might 
produce,  can  be  displayed  using  one  of  the  repeating  methy¬ 
lene  nitramine  fragments.  Early  HMX  decomposition  occur¬ 
red  in  the  solid  state  and  afforded  a  1°  KDIE  value  equal  to 
2.21  (Fig.  2)  indicating  covalent  homolytic  C-H  bond  rupture 
to  be  the  rate-controlling  mechanistic  step'*'.  A  later  isother¬ 
mal  TGA  decomposition  study  with  HMX  and  HMX-dg  dis¬ 
played  similar  data  apparently  obtained""  primarily  in  the 
solid  state  (1°  KDIE  2.07).  The  IDSC  monitored  HMX 
decomposition  then  entered  briefly  into  a  mixed  melt  phase 
and  produced  an  inverse  KDIE  value  (0.85).  indicating  a  con¬ 
traction  and  strengthening  of  HMX's  covalent  C-H  bond'*’. 
During  the  momentary  transitional  phase  change  from  solid  to 
liquid,  it  appears  the  mixed  melt  is  controlled  by  the  rate  at 
which  the  physicochemical  forces  in  the  HMX  crystal  lattice 
are  overcome  during  the  physical  liquefaction  process.  Upon 
attaining  the  liquid  state,  the  HMX  decompesition  produced  a 
secondary  (2°)  KDIE  value  of  1.13  (Fig.  2)  indicating  that 
chemical  ring  C-N  bond  rupture  kineti^-s  govern  the  energy 
release  rate  in  this  state**’.  'These  HMX  results  suggest  that, 
unlike  TNT,  the  rate-limiting  C-H  bond  rupture  in  its  solid 
state  and  the  covalent  ring  C-N  bond  rupture  in  its  liquid  state 
are  not  necessarily  the  first  chemical  step  in  its  kinetically 
controlled  decomposition;  rather  N-NO;  bond  rupture  may 
occur  first  followed  by  C-H  bond  rupture  from  an  attacking 
NOi  radical  to  form  HONO.  or  the  N-NOi  and  rate-limiting 
C-H  bond  rupture  may  proceed  simultaneously  in  the 
mechanistic  decomposition  sequence'*’.  The  thermochemical 
decomposition  of  HMX  should  not  be  viewed  as  a  singular 
mechanism;  rather,  it  is  a  process  which  proceeds  by  one  of 
three  rate-controlling  mechanistic  pathways  which  are  depen¬ 
dent  on  the  HMX  physical  state. 

The  rate-limiting  mechanistic  step  which  controls  the  con¬ 
densed  phase  energy  release  rate  of  HMX  is  determined  by  its 
predominant  physical  state  at  the  moment  a  given  iher- 
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mochemical  event  occurs'*^’.  Two  additional  thermally  initiated 
isothermal  studies  further  illustrate  this  key  point,  A  rapid 
isothermal  pyroprobe  deflagration  experiment  conducted 
21  degrees  below  HMX’s  melting  point  on  unconfined  solid 
hMX  and  HMX-dg  samples  produced  a  1°  KDIE  value  slightly 
over  3,00,  In  this  experiment,  the  HMX  product  gases  rapidly 
escaped  from  the  solid  sample  and  interacted  very  little  with  it. 
Confined  HMX  and  HMX-ds  samples  subjected  to  a  thermal 
explosion  event  provided  critical  temperature  data  which  cor¬ 
related  to  an  inverse  KDIE'’’,  In  this  latter  case,  an  externally 
imposed  confined  boundary  condition  likely  placed  the  HMX 
predominantly  in  a  mixed  melt  phase  just  prior  to  the  thermal 
explosion  event  occurring"*’  ’*),  A  rapid  high  pressure  build-up 
resulted  where  the  HMX  product  gases  could  not  escape. 
These  gases  then  interacted  with  the  solid  state  HMX  as 
impurities  and  produced  a  physical  melting  point  lowering 
which  brought  on  the  mixed  melt  phase.  Heterogeneous  HMX 
gas-condensed  phase  interactive  reactions  have  been  observed 
to  increase  with  higher  pressure""’  which  would  be  characteris¬ 
tic  of  a  confined  sample.  Because  high  temperature  and  high 
pressure  thermochemical  events  like  combustion  and  thermal 
explosion  could  feasibly  involve  similar  chemical  kinetic  and 
mechanistic  features  found  in  precursor  decomposition  and 
deflagration  proces.ses"",  the  condensed  phase  KDIE 
approach  has  been  applied  to  high  pressure  static  HMX  com¬ 
bustion  conditions  using  pressed  pellet  HMX  and  HMX-d« 
samples. 


2.  Experimental 

General  Procedure.  CAUTION!  HMX  is  a  very  powerful 
explosive  compound  if  initiated.  Care  should  be  taken  to  use 
proper  handling  techniques  and  safety  shielding  procedures. 
The  synthesis  procedure  followed  provides  RDX-free  HMX 
samples"'"’’.  All  chemicals  used  were  regent  grade  and 
required  no  further  purification.  Glassware  and  a,ssociated 
hardware  used  to  contain  or  handle  chemicals  were  free  of 
scratches  or  jagged,  sharp  edges  and  were  cleaned  and  rinsed 
with  deionized  HiO  followed  with  a  final  Burdick-Jackson 
Distilled-in-Glass  purity  acetone  rinse.  Teflon  (not  teflon 
coated)  stirring  rods  were  used  as  spatuals  to  handle  the  DA  DN 
and  HMX  materials  described  below  to  avoid  any  accidental 
spark  initiation.  The  'H  (TMS  reference)  FTN.MR  spectra 
were  obtained  with  a  JOEL  FX90O  90  MHz  spectrometer. 
Melting  points  were  taken  with  a  Thomas-Hoover  uni-melt 
capillary  melting  point  apparatus  with  unsealed  glass  capillary 
melting  tubes  and  are  uncorrected.  Several  minor  modifica¬ 
tions  of  the  cited  synthesis  procedure  were  necessary  and  are 
outlined  in  detail. 

Hexamethylenetetramine  (HMTA)  and  HMTA-dii.  Para¬ 
formaldehyde  (11.58  g)  was  slurried  in  20  ml  distilled  HjO; 
20  ml  cone  NH4OH  (28-309f  NH,)  was  then  added  dropwise 
over  a  30-min  period.  An  18  °C  water  bath  was  used  to  hold 
the  reaction  temperature  at  28-35  °C  during  NH4OH  addition. 
After  combining  all  ingredients,  the  reaction  solution  was  held 
at  33-36  °C  for  24  3/4  h  with  an  oil  bath.  Digesiion  tempera¬ 
tures  less  than  30  °C  provided  much  lower  yields  even  over 
79  h.  H;0  solvent  was  removed  by  rotary  evaporation  at 
30  °C:  at  the  very  end.  40  °C  was  used  to  drive  off  residual 
H;0.  The  solid  was  dissolved  in  150  ml  CHCI,  and  dried  over 
anhyd  MgS04.  Gravity  filtration  followed.  The  anhyd  MgS04 
was  washed  twice  with  50  ml  portions  CHCL,  and  these  were 
also  filtered.  The  filter  paper  was  then  rinsed  with  CHClv  All 
CHCI1  portions  were  combined;  rotary  evaporation  of  the 
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CHCI4  afforded  8.24  g  (91*^/)  of  white  solid:  'H  N’MR 
(CDCI4)  64.66  (singlet)  taken  on  a  Perkin-Elmer  90  MHz 
spectrometer  (non-FLNMR)  was  identical  with  a  commercial 
sample.  HMTA-d,;  was  synthesized  using  14.86  g  paraform- 
aldehyde-d;  (Merck  &  Co.,  Inc.  and  Stohler  Isotope  Chemi¬ 
cals  98%  isotopic  purity),  24  ml  distilled  H^O  and  24  ml  cone 
NH4OH  added  dropwise  over  one  hour  at  26-35  'C.  After 
addition,  the  reaction  was  stirred  68  '/;  h  at  29-35  °C.  Work¬ 
up  produced  8.24  g  (94% )  of  white  solid. 

Octahydro-l .5-diaceiyl-3, 7-endo-methylene-1 .3.5. 7-tctraz- 
ocine  (DAPT)  and  DAPT-di„.  A  solid  mixture  consisting  of 
8.65  g  HMTA.  3.51  g  ammonium  acetate,  1.6  ml  distilled 
HsO  was  mechanically  stirred  while  16.6  g  acetic  anhydride 
was  added  dropwise  over  one  hour  at  5-9  °C.  An  ice  bath  was 
used  to  regulate  the  reaction  temperature  during  the  addition. 
After  all  ingredients  were  combined,  the  mechanical  stirrer 
paddle  was  lifted  out  above  the  reaction  solution;  a  teflon 
coated  magnetic  stir  bar  was  then  used.  The  solution  was  then 
stirred  at  38-42  °C  for  20  h  in  an  oil  bath.  The  solution  was 
then  divided  into  equal  portions,  and  each  one-half  portion 
was  used  for  separate  DADN  syntheses  without  isolating  the 
DAPT.  DAPT-d]n  was  synthesized  using  9.52  g  HMTA-di;. 
3.86  NH4OAC.  1.8  ml  distilled  H;0  and  18.31  g  Ac:0.  The 
AC2O  was  added  dropwise  over  one  hour;  an  ice  bath  was  used 
to  keep  the  reaction  solution  at  5-10  °C.  After  all  ingredients 
were  together,  the  reaction  was  stirred  at  room  temperature 
for  one  hour,  then  at  29-33  °C  for  22  h.  The  DAPT-d,,,  also 
was  divided  into  two  equal  portions;  it  was  not  isolated  prior  to 
using  it  in  the  DADN-dn  syntheses. 

Octahydro-1 .5-diaceryl-3,7-dinilro-l  .3.5.7-tetrazocine 
(DADN)  and  DADN-d^.  A  motorized  mechanical  stirrer  was 
required  to  adequately  mix  the  two  phase  system  and  effect 
oxidation.  To  55  ml  cone  H;S04  was  added  16.94  g  KNO1  at  a 
rate  that  kept  the  stirred  solution  at  25-30  °C.  After  all  the 
KNOi  dissolved,  the  reaction  solution  was  cooled  with  a  16  °C 
water  bath,  and  one  equal  portion  of  the  viscous  DAPT  solu¬ 
tion  was  added  dropwise  over  1  h.  5  min  while  keeping  the 
reaction  temperature  at  28-30  °C  by  raising  and  lowering  the 
HjO  cooling  bath  as  necessary.  After  DAPT  addition,  the 
reaction  was  stirred  vigorously  one  hour  at  28  °C.  The  reaction 
was  quenched  by  pouring  into  500  g  ice  water.  A  white  solid 
crystallized  overnight  in  the  refrigerator:  suction  filtration 
(porcelin  Buchner  funnel  and  filter  paper  pad)  afforded  7.36  g 
(82%)  product;  mp  264..5-265.()  °C  (lit.  265  T)"";  'H 
FTNMR  (DMSO-dJ  62.25  (s.  6  H.  CH,).  6  5.52  (broad  s. 
8  H,  CH^).  DADN-d((  was  svnthesized  usine  55  ml  cone 
H2SO4.  16'.94  g  KNO.4  and  half  of  the  DAPT-d„^olution.  The 
DAPT-difl  solution  was  added  dropwise  over  one  hour  at  a 
rate  where  the  reaction  solution  remained  at  29-30  °C  using 
the  HiO  cooling  bath.  After  addition.  1  ml  Ac^O  was  used  to 
wash  down  residual  viscous  DAPT-dm  .solution  in  the  addition 
funnel.  The  reaction  .solution  was  stirred  vigorously  one  hour 
at  26-30  °C,  An  18  °C  water  bath  was  used  as  necessary  to 
maintain  the  reaction  temperature.  The  reaction  was 
quenched  and  worked  up  as  described  for  the  DADN  to  yield 
7.11  g  of  white  powder'"’.  Total  yield  of  both  DAPT-dm  por¬ 
tions  (two  DADN-dj(  synthesis  runs)  was  12.78  g  (78%); 
'H  FTNMR  analysis  indicated  a  98-99%  isotopic  purity  by 
compari.son  of  the  acetyl  methyl  protons  to  the  residual  ring 
methylene  protons. 

Ociahydro-1 .3,5, 7-tetranitro-l .3.5, 7-tetrazocinc  (HMX)  and 
HMX-df,.  CALTION!!  HMX  is  an  explosive  with  a  detonation 
force  equal  to  1.6  times  that  of  TNT.  Care  should  he  taken  to 
iLse  proper  laboratory  shielding  and  .safety  procedures.  Synthe¬ 
sis  runs  to  were  limited  to  5  g  maximum  scale.  No  metal 
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objects  (spatulas)  or  sharp  glass  fritted  equipment  (Buchner 
funnels)  should  be  used  when  handling  this  material;  rather, 
use  Teflon  plastic  spatulas/stirring  rods  and  ceramic  Buchner 
funnels  with  filter  paper.  This  reaction  proved  very  su.sceptible 
to  atmospheric  hydrolysis;  completeness  of  the  DADN  to 
HMX  nitration  conversion  was  highly  dependent  upon  the  size 
of  the  reaction  vessel  opening  used  to  vent  the  brown  NOi 
fumes  during  nitration.  A  larger  reaction  vessel  than  normally 
chosen  for  the  reactant  amounts  is  needed  to  contain  reaction 
frothing,  especially  when  the  reaction  is  terminated  by 
quenching  with  finely  crushed  ice.  In  a  dry  box  under  an  N; 
atmosphere,  a  500  ml  3-necked  reaction  flask  was  charged 
with  35. 2-3.“'. 4  g  anhyd  HNO3  and  77.7-78.6  g  polyphosphoric 
acid.  Prior  to  mixing  the  two  acids,  one  side  neck  was  closed 
off  with  a  thermometer  and  its  teflon  adapter  holder;  the 
center  neck  contained  the  mechanical  stirrer  and  adapter 
bushings.  Several  drops  of  cone  H3PO4  were  placed  in  the 
adaptei  bushing's  ressr’oi’"  to  lubricate  the  mechanical  stirrer 
shaft  as  suggested  by  M.  D.  Coburn' in  a  private  communi¬ 
cation.  The  open  third  neck  was  stopped  with  a  24/40  glass 
stopper,  and  the  entire  apparatus  was  removed  from  the  dry- 
box  to  a  fume  hood.  After  thorough  mixing  with  a  motorized 
mechanical  stirrer,  the  stopper  was  removed,  and  6.40  g 
DADN  or  DADN-ds  were  added  through  a  polyethylene  fun¬ 
nel  to  the  stirred  syrup.  The  third  side  neck  was  then  fitted 
with  an  empty  U-shaped  drying  tube  with  ca.  6  mm  i.d.  neck; 
the  open  neck  of  the  drying  tube  pointed  downward  creating 
an  ambient  pressure  gas  trap  that  permitted  NO;  vapors  to 
escape  but  whiwli  prevented  moist  atmospheric  air  from  enter¬ 
ing  the  reaction  mixture.  Larger  openings  such  as  a  bare  24/40 
glass  side  neck  led  to  only  about  2''9r  DADN  to  HMX  conver¬ 
sion.  A  preheated  oil  bath  was  placed  around  the  reaction 
flask;  initially  the  oil  bath  temperature  dropped  to  54  °C  and 
gradually  came  back  to  68  “’C"-'.  Once  the  reaction  solution 
itself  reached  60  °C.  it  was  maintaind  between  60-62  °C  for 
one  hour  by  raising  and  lowering  the  oil  back  as  needed.  After 
the  one  hour  digestion  the  reaction  was  cooled  to  just  below 
40  °C  and  300  g  finely  crushed  ice  (..Sno-Cone"  texture)  was 
carefully  added  to  the  stirring  reaction  solution;  it  tended  to 
froth  slightly  and  exotherm  with  the  first  several  small 
amounts  of  ice  addition.  The  solution  stood  overnight.  It  was 
then  filtered  (porcelin  Buchner  funnel  with  filter  paper), 
rinsed  with  several  portions  of  distilled  water,  and  air  dried  to 
give  pure  white  needle-like  a-HMX  crystals.  The  a-HMX  was 
then  coverted  to  the  (3-polymorph  with  acetone  solvent.  Com¬ 
plete  polymorph  conversion  was  verified  by  scanning  electron 
microscope  analysis.  Yields  of  u-HMX  ranged  from  4.84  g 
(7497)  to  5.07  g  (78Cr):  'H  FTNMR  (DMSO-d^)  66.02  (sharp 


singlet.  CH:  with  no  uncoverted  DADN  methylene  peak  at 
65.52.  HMX-dfi  synthesized  in  an  identical  manner  using 
6.40  g  and  6,04  g  DADN-ds  reaction  runs  which  gave  5.26  g 
(81%)  and  4.96  g  (8197)  HMX-d^  product  respectively; 
'H  FTNMR  showed  no  signal  at  66,02  indicating  isotopic 
integrity  and  gave  no  DAD.N-d^  acetyl  methyl  protons  at 
62.25  which  indicated  complete  conversion  of  DADN-ds  to 
HMX-ds.  The  HM,X-cp  samples  were  synthesized  indentically 
to  the  HMX  and  HMX-d^  compounds  by  placing  6.25  g 
DADN  and  0.15  DADN-ds  into  the  reaction  flask  with  the 
stirred  anhyd  HNO3  and  polyphosphoric  acid  solution.  Upon 
the  crushed  ice  addition  and  subsequent  overnigiit  crystalliza¬ 
tion,  coprecipitated  9897  HMX/2%  HMX-ds  material  (HMX- 
cp)  was  obtained  in  4.84  g  (7497)  and  4.66  g  (71%)  yields  in 
two  separate  runs. 

HMX  Pressed  Cylindrical  Pellet  Sample  Preparation.  After 
vacuum  drying,  the  HMX.  HMX-ds.  and  HMX-cp  pellet  sam¬ 
ples  were  prepared  identically  using  a  pellet  mould  (Thiokol 
Drawing  R-53243A).  Initially.  HMX  powder  was  pressed  only 
enough  to  allow  additional  filling  of  the  mould  cavity;  more 
powder  was  then  added,  and  the  powder  was  compacted 
again.  After  repeating  the  compacting  procedure  several 
times,  the  HMX  sample  (ca.  800  mg)  was  ready  for  complete 
pressing  using  a  standard  hydraulic  press  an  )  pressing  mould 
plunger  (0.1968  in  diameter)  at  300  psi  on  a  4  inen  ivAM,  The 
pellet  cavity  was  0.1970  inch  diameter;  the  height  of  the 
pressed  pellet  depended  upon  the  amount  of  material  placed 
in  the  cavity.  The  HMX  samples  were  approximately  14  mm  x 
4.5  mm  and  were  pressed  to  96-97%  theoretical  density 
(1.90-1.92  g/cm-'  respectively).  The  outer  surface  of  each  sam¬ 
ple  was  coated  with  an  inhibitor  (polyvinyl  chloride  dissolved 
in  CH’CL)  to  insure  an  even  horizontal  burn  across  the  end  of 
the  vertically  mounted  pellet  sample. 

Windows  Bomb  Combustion  Conditions.  The  free-standing 
cylindrical  pressed  pellets  were  placed  into  a  window  bomb, 
and  a  standard  2000  psig  N:  gas  bottle  was  used  to  pressurize 
the  window  bomb  with  the  pressure  regulated  to  maintain  a 
constant  pressure.  Constant  pre.ssure  w’as  maintained  during 
the  burns  to  ±  15  psig.  A  constant  "leak"  was  used  to  maintain 
a  10  psig  N;  flow  differential  during  the  combustion  to  carry 
away  combustion  products  and  convective  heat  currents  whitii 
distort  the  visual  photographic  pathway  to  the  burning  HMX 
sample.  The  combustion  was  photographed  using  a  pin  regis¬ 
tered  16  mm  LOCAM  camera  (Redlake  Corporation)  oper¬ 
ated  at  400  pictures  per  second.  Also  imprinted  on  the  film  at 
the  time  of  the  test  were  timing  pulses  a  100  pulses  per  second. 
A  Redlake  timing  generator  produced  the  pulses  using  a  LHD 
timing  light  block  with  dual  light-emitting  diodes  capable  of 


Table  I.  HMX  and  HMX-d.  Burn  Rates  [in/s]  and  Burn  Rale  Ratios  (rmiir^p) 


.SIX)  psig  I.T.S5  MPa) 

KMX)  psig  (6.99  MPa) 

15(X)  psig  (10.44  MPa) 

HMX(r„„) 

HMX-d.,(r„„) 

HMX(r„„) 

HMX-dHri,n) 

HM.X(r„M) 

HMX-ds  (run) 

0.257 

0,176 

0,464 

0,106 

0.716 

0.604 

0.2.S.t 

0.219 

0.505 

0,1 11 

0.(i90 

0..S96 

0.284 

0.1 8.t 

0.529 

0..120 

0.698 

0..S02 

0,192 

0  108 

/tv'crage* 

0.265  ±  .02 

0. 19.1  ±  .0,1 

0,499  ±  .0.1 

0,1.11  ±  ,01 

0,701  ±  .01 

0..S67  ±  .0(1 

r„„/r„„  =  l.,17±0.;2 

1.60±0.16 

''mi'riii'  = 

1 .24  ±0.20 

*  Error  limits  for  rni|/rBi,  arc  shown  at  the  9.S'"r  confidence  level. 
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Table  2.  Burn  Rates  (.n/sj  of  Coprecipitated  98'r  HMX/2''f  HMX-tl^  .Sample  (H.MX-cp) 
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HMX'”' 

500  psig  (3.55  MPa) 

HMX-cp  HMX-ds'”' 

HMX'”' 

1000  psig  (6.99  MPa) 
HMX-cp 

HMX-dJ”' 

A verage 

0.265+  .02 

0.238 

0.236 

0  257 

0.244  a.  .02 

0.1 93 +.03 

0.449  +  .03 

0.448 

0.422 

0.115 

0.428  ±  .02 

0.311  +  .01 

See  Table  1  for  individual  values  comprising  the  average  burn  rate  listed  for  HMX  and  HMX-dv. 


Table  3.  Self-Consistent  Burn  Rate  Comparison  of  HMX  Samples 


Compd 

Fbh  [in/s] 

Pressure  [psig/MPa] 

HMX'”' 

0.619 

1200/8.26 

HMX"" 

0.499 

1000/6.99 

HMX'”' 

0.434 

800/5.54 

Commercial  sample,  Sample  from  Tables  1  and  2. 


pulses  of  100  Hz  or  1000  Hz.  The  film  was  Eastman  Ekta- 
chrome  Video  News  Film  7239  Daylight,  ASA  160  and  was 
commercially  processed.  The  samples  were  ignited  after  the 
high  speed  camera  reached  constant  400  frames/s  speed,  and 
burn  rates  were  determined  for  each  burning  pellet  from  the 
high  speed  film.  Two  burn  rate  increments  were  determined  at 
the  early  and  late  portions  of  each  vertical  pellet  as  the  com¬ 
bustion  proceeded  coaxially  downward;  the  first  measurement 
was  taken  after  the  ignition  effects  visually  dissipated;  and,  the 
two  individual  burn  rates  were  averaged  to  give  the  individual 
burn  rates  listed  in  Tables  1-3.  The  vertical  standing  pellet 
cylinders  were  ignited  with  a  hot  wire  stretched  across  the  top 
end  which  was  in  contact  with  the  HMX  surface  itself. 


3.  Results 

Three  different  HMX  samples  were  investigated;  pure 
HMX.  pure  HMX-ds.  and  HMX-cp  which  was  a  coprecipi¬ 
tated  mixture  comprised  of  98%  HMX  and  2%  HMX-dj.  Each 


HMX  sample  was  pressed  to  96-97  percent  of  the  HMX 
theoretical  single  crystal  density  (1.90-1.92  g/cm’)  into  a  cylin¬ 
drical  free  standing  pellet.  High  pressure  combustion  of  these 
pellet  samples  at  500  psig  (3.55  MPa).  1000  psig  (6.99  MPa), 
and  1500  psig  (10.4  MPa)  m  a  window  combustion  bomb 
under  an  Ni  atmosphere  permitted  the  individual  burn  rates  of 
HMX.  HMX-ds.  and  HMX-cp  to  be  determined.  An  identical 
four  step  synthesis  route  (Fig.  3)  was  used  to  obtain  all  three 
RDX-free  HMX  samples''"’ The  synthesis  and  pellet  sam¬ 
ple  preparation  procedures  guaranteed  that  no  difference  in 
burn  rate  between  HMX,  HMX-ds.  or  HMX-cp  resulted  from 
sample  history,  chemical  purity,  or  crystal  habit  variation.  The 
one  exception  to  crystal  habit  variation  was  the  intended  intro¬ 
duction  of  HMX-ds  molecules  into  the  HMX-cp  crystal  matrix 
to  determine  possible  microstructural  defect"^*  influences  on 
the  burn  rate.  The  use  of  pressed  pellet  samples  further 
minimized  any  possible  burn  rate  variation  caused  by  particle 
size"’*  and  sample  surface  area  variation.  These  procedures 
insured  that  any  observed  burn  rate  differences  between  HMX 
and  HMX-ds  resulted  solely  from  a  kinetic  effect  achieved  by 
substituting  the  heavier  deuterium  atoms  for  the  normal  HMX 
hydrogen  atoms  (Fig.  1).  This  condition  is  a  necessary  pre¬ 
requisite  for  KDIE  validity. 

Table  1  displays  the  burn  rates  obtained  for  pure  HMX  and 
HMX-ds  at  three  different  pressures.  A  comparison  of  the 
average  HMX  and  HMX-ds  burn  rates  and  their  standard 
deviations  illustrate  a  very  significant  burn  rate  difference 
between  HMX  and  HMX-ds  and  a  definite  KDIE  at  all  three 
pressures.  These  KDIE  values  illustrate  the  substantial  role 
that  chemical  kinetics  contribute  toward  controlling  the  HMX 
burn  rate  in  this  static  combustion  experiment. 
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Figure  3.  The  HMX  and  HMX-d*  synthesis  route. 
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The  burn  rate  ratios  found  at  500  psig  (3.55  MPa)  and 
IfKK)  psig  (6.99  MPa)  correspond  to  a  TKDIE.  especially 
when  one  considers  the  high  temperatures  involved,  these 
1°  KDIE  values  suggest  that  the  ob.served  global  HMX  burn 
rate  is  kinetically  controlled  by  a  homolytic  covalent  C-H 
bond  rupture*‘““'^’.  The  KDIE  value  at  1500  psig  (10.4  MPa) 
initially  does  not  reflect  a  TKDIE  although  its  error  interval 
places  it  within  the  same  range  as  the  two  rKDIE  values  at 
the  lower  pressures.  It  could  also  represent  a  2°KD1E  and 
indicate  an  abrupt  rate-controlling  mechanism  change  to  cova¬ 
lent  ring  C-N  bond  rupture,  or  alternatively  could  represent  a 
masked  TKDIE  value.  Masking  of  a  bonifide  TKDIE  value 
has  been  reported  and  confirmed  in  liquid  TNT  decomposi¬ 
tion'’’. 

Table  2  compares  the  HMX-cp  burn  rate  with  its  pure  HMX 
and  HMX-dn  constituents  at  the  two  lower  pressures.  Inclusion 
of  HMX-ds  molecules  into  the  HMX  crystal  lattice'"’’ 
decreased  the  pure  HMX  burn  rate  and  provides  an  HMX-cp 
burn  rate  closer  to  the  pure  HMX  value  which  comprises  98% 
of  the  HMX-cp  sample.  The  extreme  complexity  of  the  overall 
or  global  HMX  combustion  event  is  revealed  by  a  closer 
examination  of  the  actual  burn  rate  values.  The  HMX-cp  val¬ 
ue  is  far  less  than  what  might  be  expected  from  only  a  2% 
HMX-ds  incorporation  in  the  HMX.  Rather  than  an  approxi¬ 
mate  2  percent  burn  rate  decrease,  HMX-cp  displays  a  29-38 
percent  burn  rate  decrease  from  pure  HMX  at  500  psig 
(3.55  MPa)  and  1000  psig  (6.99  MPa)  respectively. 

This  investigation  identifies  potential  KDIEs  by  comparing 
the  relative  burn  rates  among  the  three  isotopically  substituted 
HMX  samples  cited.  The  KDIE  depends  upon  relative  rate 
comparisons  between  a  normal  compound  and  its  selectively 
labeled  deuterium  analogue  where  all  other  experimental  vari¬ 
ables  are  held  constant.  The  purpose  of  this  study  was  not  to 
determine  absolute  HMX  burn  rates  but  rather  the  relative 
burn  rate  differences  among  HMX.  HMX-ds.  and  HMX-cp; 
however,  it  should  be  noted  from  Table  3  that  our  individual 
burn  rates  were  self-consistent  for  the  particular  experimental 
apparatus  and  conditions  used.  A  commercial  HMX  sample's 
burn  rate  compares  favorably  with  our  laboratory  synthesized 
HMX  sample  when  viewed  as  a  function  of  pressure.  Mean¬ 
while.  the  data  displayed  by  Table  1  leave  no  doubt  that  chem¬ 
ical  kinetics  play  a  significant  role  in  controlling  the  HMX 
burn  rate  and  that  the  nonintrusive  condensed  phase  KDIE 
approach  can  detect  this  fact. 


4.  Discussion 

Current  limitations  for  adequately  understanding  the  funda¬ 
ment.'’ '  mechanistic  chemical  kinetics,  physical  effects,  and 
their  interactive  modes  of  behavior  during  the  complex  com¬ 
bustion  phenomenon  have  limited  the  evolution  of  improved 
combustion  modeling  concepts  and  predictive  computational 
codes.  There  is  in  fact  no  realistic  combustion  model  now 
available  which  adequately  describes  even  laboratory  con¬ 
trolled  composite  nitramine  propellant  behavior'”’.  The  con¬ 
densed  pha.se  KDIE  approach  selectively  provides  some  of  this 
missing  information  and  points  to  several  aspects  of  the  con¬ 
densed  phase  compound  combustion  event  which  have  been 
overlooked  in  the  pa.st,  and  merit  future  developmental  mod¬ 
eling  attention  as  well  as  extended  experimental  investigation. 

The  HMX  combustion  phe  vmenon  is  a  highly  complex 
physicochemical  event  which  is  driven  by  numerous  continu¬ 
ously  occurring,  sequential  and  parallel  chemical  reactions. 
After  ignition,  the  burn  rate  (rg)  is  a  global  measurement  of  all 


1.  LIOUID/SDLID  PHASE 


2  GAS  PHASE 


Steady  state  component  reactions  occurring  at  any  instant  dur¬ 
ing  the  entire  combustion  event,  and  is  therefore  a  collective 
averaged  value  of  many  individual  reaction  rates.  Within  the 
spectrum  of  these  many  different  chemical  reaction  rates,  one 
chemical  reaction  will  proceed  the  most  slowly  of  all  present;  it 
is  this  slowest  reaction  that  will  ultimately  determine  the  veloc¬ 
ity  at  which  the  measured  global  burn  rate  can  progress.  As 
illustrated  for  the  HMX  molecule  in  Fig.  2.  if  this  slowest 
component  chemical  reaction  involves  C-H  bond  rupture 
(TKDIE).  C-H  bond  contraction  (inverse  KDIE).  or  cleavage 
of  the  ring  C-N  bond  adjacent  to  the  labeled  C-H/C-D  bond 
(2°KDIE).  the  KDIE  would  manifest  itself  as  a  difference  in 
burn  rate  between  the  HMX  (rsn)  and  deuterium  labeled 
HMX-d,  (rso)  samples  (Fig.  1).  The  reHTeo  ratio  then  defines 
the  magnitude  and  type  of  KDIE  present  in  the  combustion 
event.  While  KDIE  values  are  usually  determined  from  rate 
constant  ratios  (kn/kn,).  the  KDIE  can  also  appear  as  a  ratio  of 
two  collective  individually  averaged  experimental  parameters 
which  each  reflect  an  overall  or  global  chemical  reaction  rate 
that  contains  the  rate-limiting  component  chemical  reaction 
step.  Induction  time  ratios  (tn/tn)*’  *’  ’^' critical  temperature' 
and  even  shock  sensitivity  response  comparison'’'”  have 
been  used  to  detect  and  confirm  a  KDIE  influence.  The  rsH' 
rBD  burn  rate  ratio  represents  a  further  example 

Although  a  complicated  phenomenon,  the  heterogeneous 
combustion  event  can  be  viewed  as  consisting  of  two  different 
kinds  of  chemical  reaction  processes,  each  possessing  many 
chemical  reaction  sequences  Ihemselves  and  each  with  its  own 
rate-controlling  mechanistic  pathway.  First,  a  rapid  endother¬ 
mic  decomposition  occurs  and  transitions  into  an  autocatalytic 
exothermic  proces.ses  or  possibly  deflagration'”';  and  in  doing 
so,  converts  the  solid  or  liquid  compound  into  lower  molecular 
weight  gaseous  products.  These  ga.seou.s  product  species  then 
move  into  a  flame  region  where  the  second  highly  exothermic 
flame  oxidation  process  converts  the  gaseous  species  into  final 
combustion  products'”-'”’,  and  in  doing  so,  generates  the 
energy  and  heat  needed  to  sustain  the  combustion  event 
(Fig.  4).  Within  the  spectrum  of  reaction  rates  which  drive  the 
condensed  phase  thermochemical  decomposition/deflagration 
process  and  the  gas  phase  flame  oxidation  process,  there  will 
be  one  slowest  reaction  rate  which  defines  the  rate-limiting 
reaction  step  found  in  each  process.  Of  these  two  rate  limiting 
reaction  rates  in  each  process,  one  must  occur  more  slowly 
than  the  other.  This  slowest  rate-limiting  chemical  reaction 
step  represents  the  one  which  ultimately  kinetically  controls 
the  energy  release  mechanism  and  determines  the  observed 
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overall  or  global  combustion  burn  rate.  The  KDIE  determined 
from  the  HMX/HMX-ds  burn  rate  ratio  specifically  identifies 
this  rate-controlling  mechanistic  feature  and  possibly  reveals 
in  which  process  i*  occurs. 

The  KDIE  values  reflected  by  1.60  at  1000  psig  (6.99  MPa) 
and  1.37  at  500  psig  (3.55  MPa)  at  the  high  temperatures 
involved  in  combustion,  represent  a  EKDIE  and  reveal  that 
ultimately,  homolytic  covalent  C-H  bond  rupture  kinetically 
controls  the  HMX  burn  rate  in  the  pressure  range  cited.  The 
1.41  KDIE  value  (Fig.  2)  defines  the  minimum  theoretical 
high  temperature  limit  for  a  EKDIE'""’;  however,  a  value 
closer  to  1.35  has  been  reported  as  a  valid  experimental 
1°KDIE  minimum  limit*'",  and  also  has  been  used  as  an  equa¬ 
tion  constant  when  calculating  predicted  1°KDIE  values*"  "’'. 
This  1.35  minimum  value  assumes  that  only  stretching  vibra¬ 
tional  frequency  differences  between  C-H  and  C-D  bonds 
contribute  to  the  TKDIE  and  that  they  result  from  the  loss  of 
zero  point  vibration  energy  in  the  chemical  reaction's  transi¬ 
tion  state.  Zero  point  energy  effects  are  the  major  contributors 
to  a  EKDIE  for  hydrogen  isotopes  where  zero  point  energies 
are  large  and  also  in  large  molecules  where  molecular  masses 
and  moments  of  inertia  are  hardly  affected  by  isotopic  sub- 
stitution*'’'.  The  HMX  molecule  with  a  molecular  weight 
equal  to  296  is  certainly  considered  a  large  molecule  and  would 
be  subject  to  large  zero  point  energy  influences.  Assignment 
of  a  1°  KDIE  is  further  supported  by  the  magnitude  of  the 
observed  1°  KDIE  values  w'hen  they  are  mathematically  nor¬ 
malized  to  standard  temperature  conditions.  The  1.60 
( 1000  psig)  KDIE  value*--"  at  553  K  calculates  to  3.80  at 
ambient  (298  K)  temperature,  while  the  1.37  KDIE  value 
becomes  3.26'"“'.  In  comparison,  the  maximum  2°  KDIE  one 
could  expect  from  the  deuterium  labeled  HMX  methylene 
(>CD:)  group  at  ambient  temperature*'"  '"  is  (1.74)'  or  3.03; 
this  value  is  less  than  both  KDIE  values  observed  at  the  two 
lower  pressures  (Table  1).  The  only  apparent  condensed 
phase  2°  KDIE  found  to  date  with  an  energetic  compound 
during  a  high  temperature  thermochemical  event  comes  from 
an  IDSC  study  of  liquid  phase  HMX  decomposition.  An  aver¬ 
age  2°  KDIE  equal  to  1.13  was  found**'  at  552  K  (median  tem¬ 
perature)  which  equates  to  a  2°  KDIE  value*"'"  of  1.32  at 
298  K;  this  is  less  than  the  cited  minimum  1.35  value  accepted 
for  a  r  KDIE. 

An,.Iv,^;  '.vi:;;  ;.‘’e  ’■ec''"''  ■'^nthermal  HMX  and  HMX-dii  con¬ 
densed  phase  KDIE  investigation  of  thermochemical  decom¬ 
position.  rapid  deflagration,  and  thermal  explosion  events**’ 
could  suggest  the  rate-limiting  C-H  bond  rupture  step 
observed  between  the  500-10(K)  psig  (3.55-6.99  MPa),  occurs 
during  the  solid  state  thermochemical  decomposition/deflagra- 
tion  process  of  the  combtrstion''^'"' event  (Fig.  4).  A  1°  KDIE 
occurs  only  during  HMX's  solid  phase  decomposition  and 
deflagration  in  the  condensed  phase;  the  mixed  melt  and  liquid 
phases  are  controlled  by  a  different  rate-limiting  feature**’. 
This  hypothesis"“"‘'  proposes  that  the  HMX  burn  rate  ulti¬ 
mately  might  be  controlled  by  a  kinetic  rate  limiting  covalent 
C-H  bond  rupture  in  HMX's  solid  state  decomposition/deflag¬ 
ration  process  and  is  further  supported  by  several  other  inde¬ 
pendent  investigations.  HMX  and  RDX  thermochemical 
decomposition  rates  studied  as  a  function  of  the  compound's 
different  physical  states  within  a  similar  temperature  ran^e. 
were  found  to  proceed  most  slowly  in  the  solid  phase*'*’. 
Liquid  phase  decomposition  in  turn  proceeded  more  rapidly, 
while  the  overall  gas  phase  decompo.sition  rate  was  fastest  of 
all  three  phases*'".  A  more  recent  thermolysis  investigation  of 
energetic  polynitroaliphatic  ethers  demonstrated  decomposi¬ 
tion  to  be  a  prelude  to  rapid  deflagration  and  implied  such 
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studies  arc  relevant  tt)  a  basic  understanding  of  combustion 
initiation*"'.  Since  the  combustion  event  is  a  continuous  initia¬ 
tion  and  propagation  of  chemical  reactions  which  sustain  this 
event,  it  would  appear  the  combustion  KDIE  data  described  in 
Table  1  also  support  the  viewpoint  that  some  mechanistic 
aspects  of  thermochemical  decomposition  can  mirror""  or  be 
extrapolated  carefully  into  the  combustion  regime.  .3  recent 
laboratory  study  with  an  HM.X  composite  propellant  contain¬ 
ing  a  chemically  modified  double  base  (CMDB)  high  oxygen 
content  binder  led  to  the  conclusion  that  this  propellant  burn 
rate  was  mainly  controlled  by  the  condensed  phase  reaction 
rate  when  HMX  is  present  in  a  greater  than  5ll''f  concentra- 
ti'^n*'"’.  At  HMX  concenfra'ions  greaier  than  5(K7  in  a 
pressure  range  of  1.5  to  5.0  MPa.  the  propellant  burn  rate 
increases  as  the  HMX  concentration  increases;  this  was  attri¬ 
buted  to  an  increased  heat  of  reaction  at  the  burning  surface. 
Logically,  when  one  considers  the  1°  KDIE  results  presented 
herein,  it  would  follow  this  increased  heat  of  reaction  could 
result  from  a  higher  concentration  of  product  species  gener¬ 
ated  by  the  HMX  condensed  phase  decomposition  deflagra¬ 
tion  process.  Thus,  the  heat  of  reaction  and  heat  feedback 
from  the  gas  phase  flame  oxidation  found,  using  embedded 
microthermocouples  in  the  HMX/CMDB  propellant  sam¬ 
ples*’"'.  are  dependent  upon  the  rate  at  which  the  kinetically 
controlled  condensed  phase  chemical  decomposition  deflagra¬ 
tion  process  can  provide  these  lower  molecular  weight  species. 
The  rate-limiting  kinetic  chemical  reaction  step  in  the  HMX 
condensed  phase  decomposition/deflagration  process  deter¬ 
mines  the  rate  at  which  these  lower  molecular  weight  product 
species  are  produced,  and  in  effect,  significantly  contributes  to 
controlling  the  observed  overall  or  global  burn  rate  of  the 
HMX/CMDB  composite  propellant.  It  is  noteworthy  that 
when  the  HMX/CMDB  propellant  burn  rate  was  examined  as 
a  function  of  HMX  concentration,  the  measured  results  when 
extrapolated  to  l(X)9f  HMX.  approached  the  burn  rate  of  an 
HMX  single  crystal*’"'.  This  verifies  the  relevance  and  correla¬ 
tion  between  the  HMX/CMDB  composite  propellant  behavior 
and  the  pure  HMX  combustion  KDIE  results  reported  in  this 
investigation.  Other  laboratory  HMX  composite  propellants 
containing  a  high  oxygen  content  binder  and  conducted 
between  132  psig/1.0  MPa  and  426  psig/3.0  MPa"*'  displayed 
similar  experimental  physicochemical  characteristics  to  those 
measured  in  the  HMX/CMDB  system.  A  graphic  representa¬ 
tion  of  one  coniposiie  HMX  binder  propellant's  experimental 
combustion  zone  temperature  profile  displays  a  steep  risinp 
temperature  gradient  in  the  condensed  phase  reaction  zone 
which  reaches  approximately  673  K  at  the  burning  surface. 
This  suggests  that  a  553  K  temperature  could  easily  he  reached 
in  the  condensed  phase  portion  of  a  hotter  burning*'"'  pure 
HMX  sample.  Because  553  K  is  just  below  the  melting  point 
of  HMX  (mp  =  h5.s  Kp  '  and  us  .siigiui  .  higher  melting  MMX- 
ds  analogue,  rate-limiting  solid  state  C-H  bond  rupture  is  a 
distinct  possibility  concerning  the  HMX  combustion  event. 
This  temperature  gradient  also  justifies  the  553  K  temperature 
choice  used  earlier  to  calculate  the  possible  ambient  tempera¬ 
ture  KDIE  values  of  the  reported  combustion  KDIE  data  in 
the  5(X)-10()()  psig  (3.55-6.99  MPa)  range. 

The  fact  that  kinetic  deuterium  isotope  effects  appear  at  all 
during  the  combustion  of  HMX  and  HMX-ds  pressed  pellet 
samples  indicates  that  chemical  kinetics  and  a  resultant  rate- 
limiting  chemical  reaction  step  ultimatel  control  the  HMX 
burn  rate  to  a  significant  degree.  Experimentally  measured 
physicochemical  factors  which  can  affect  an  observed  HMX 
burn  rate,  affect  both  the  HMX  and  HMX-d,  samples  essen¬ 
tially  to  the  same  degree,  and  any  burn  rate  differences 
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between  the  normal  and  deuterated  samples  result  soleU  trom 
ehemieal  kinetic  rate  differences  exhibited  bv  the  slowest  rate- 
limiting.  steady  state  component  reaction  step.  Thus,  heat  flux 
feed  back  can  affect  an  observed  burn  rate  if  it  is  not  optimized 
by  experimental  design;  but.  it  would  do  so  w  ith  the  K.M.X  and 
UM\-dy  sample  to  the  same  degree,  f-.ven  with  the  optimum 
heat  flux  feedback  condition,  a  KOIT  would  occur  and  indi¬ 
cate  an  ultimate  kinetic  control  of  the  combustion  event.  I'his 
should  not  be  surprising  since  the  pre\  lous  paragraph's  discus¬ 
sion  would  suggest  that  heat  feedback  is  de[ierKlent  upon  the 
condensed  phase's  kinetically  controlled  rate-limiting  chemical 
reaction  step  which  occurs  during  the  condensed  phase  decom¬ 
position  deflagration  process  and  produces  the  reactive  gas¬ 
eous  products  fi'r  the  heat  gencr.iting  flame  I'xidation  process 
Because  the  IIM.X  molecule  can  undergo  significant  decom¬ 
position  deflagration  in  its  condensed  phase'  '  '  phy¬ 
sicochemical  heat  of  vaporization  differences  between  HMX 
and  flM.X-ds  likely  play  no  major  role  in  providing  burn  ra*e 
differences  between  the  two  HM.X  samples.  This  could  only 
occur  if  intact  flM.X  molecules  mainly  comprised  the  chemical 
composition  of  the  HM.X  gaseous  flame  portion  via  a  sublima¬ 
tion  process;  this  has  been  shown  not  to  occur  m  the  experi¬ 
mental  H.Nf.X  high  oxygen  binder  combustion  studies''''' 
already  discussed.  Finally,  migration  rate  differences  of 
decomposed  deflagrated  H.M.X  low  molecular  weight  product 
species  would  not  contribute  sigmficantU  to  any  llNf.X  IIMX- 
dv  burn  rate  variation.  Calculated  differences  '  for  anv  H  or 
D  containing  H.M.X  fragmental  decomposition  products  that 
one  might  find  in  the  gaseous  flame  portion  above  the  sample 
surface,  affords  a  root  mean  square  -.elocity  value  far  less  ( I  .(t.t 
to  Till)  that  the  KDIE  values  in  Table  1 
The  1,24  KDIti  value  observed  at  l.slHl  psig  (111.4  MPa)  su- 
perficiiilly  does  not  appear  to  be  a  1 '  KDIE  since  it  falls  below 
the  l  .'^.'i  high  temperature  minimum;  however,  it  eould  be 
considered  a  T'  KDIE  since  it  statistically  falls  within  the 
confidence  interval  of  the  other  values  at  5lKl  psig  (.''..s.s  MPa) 
and  101)0  psig  (6.09  MPa).  Still  the  possibility  the  1.24  value 
could  represent  a  2'  KDIE  cannot  be  totally  dismissed.  The 
1.24  value  falls  within  the  2  KDIE  range  and  could  suggest  an 
abrupt  rate-limiting  chemical  mechanism  change  from  cova¬ 
lent  solid  state  C-H  bond  repture  to  liquid  phase  ring  ('-N 
bond  cleavage  at  this  highest  pressure.  Suspected  abrupt 
mechanism  changes  htive  been  observed  during  H.M.X  burn 
rate  measurements  made  as  a  function  of  pressure''''.  Fhe 
secminglv  obvious  assignment  of  this  1.24  KDIE  value  as  a 
tru^"  KDIE  must  be  viewed  with  some  caution  m  this  highly 
complicated  combustion  event  for  at  least  two  additional 
reasons.  First,  a  bonafide  T  KDIE  value  can  be  reduced  or 
masked  bv  competing  chemical  reactions  during  a  ther¬ 
mochemical  event  making  a  T  KDIE  assignment  tenuous;  a 
rase  in  point  vvac  r-pnrted'  '  with  the  TN  I',  Second*'  the  1,24 
value  would  constitute  a  rather  large  hut  theoretically  permiss- 
able'*"'  1  -SO  2  KDIE  value'"'  '  at  ambient  temperature  when 
based  on  an  assumed  67,4  K  combustion  temperature  deter¬ 
mined  in  a  recent  microthermocouple  il.MX  composite  propci- 
lent  studv'''”.  At  67.7  K  the  HMX  rate-limiting  reaction  step 
would  occur  in  a  liquid  phase'''.  As  a  third  alternative,  the  1 ,24 
value  could  be  revealing  a  gradual  shift  from  one  predominiinf 
rate-limiting  mechanism  to  another  within  a  pressure  region 
where  the  two  actively  compete  and  produce  a  single  experi¬ 
mental  KDIE  value  that  reflects  a  factored  contribution  from 
both  mechanisms.  A  higher  pressure  introduces  a  change  in 
ex»ern.il  physical  boundary  conditions  and  may  have  a  similar 
physicochemical  effect  like  physical  confinement  docs  on  an 
HMX  sample,  but  to  a  lesser  degree.  An  unconfined  HMX 
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deflagration  event  conducted  ,it  '.'4  K  w.iv  coniiollcd  bv  'ohd 
state  ('ll  bond  rupture  I  I  KDIE ).  but  a  complctclv  ci'nlincd 
HMX  sample  produced  a  thermal  explosion  event  where 
pressure  build  up  occurs  .it  a  simil.ir  temperature  lanec 
t.''.'s(l-,s|.'' K)  and  results  m  a  rale-limitmg  mechanistic  teaturc 
attributable  to  a  predominant  mixed-melt  ph.ise  (inverse 
KDIE.)'"  Ehe  chance  to  higher  pressure  possiblv  creates  .i 
situation  where  either  the  HM.X  mixeil-melt  or  liquid  phase 
rate-limiting  mechanistic  p.ithw.iv  becomes  a  more  predomm- 
;int  component  feature  in  the  overall  condensed  phase  decom¬ 
position  deflagration  pre'cess  while'  the  rate-limitmg  solid  stale 
('  H  bond  rupture  mechanistic  coiiinbiition  concomit.intlv 
decreases.  Since  either  competing  phase's  i  .itc-hmitmt; 
mechanislie  step  woiiUl  contribute  ,i  sni.iller  KDIE  v.ilue 
(inverse  KDIE  or  2  KDIE)  (or  the  experimeniallv  observcvl 
KDIE.  one  might  observe  something  less  than  the  minimum 
1  .7.S  1  KDlIc  limit. 

At  the  two  lower  pressures.  Fable  1  rejects  a  !  KDIE 
rather  than  either  an  inverse  or  2  KDIE  for  the  static  combus- 
tior,  event  under  the  given  experimental  conditions  The 
HMX-cp  data  in  Table  2  provides  further  proof  that  the 
inverse  KDIE  mechanistic  featuie  plavs  ni'  significant  role  in 
defining  the  HMX  burn  rate  between  .'silil  psig  (.v,''5  MPa)  and 
inod  psig  (h.'W  \1[>;().  If  the  rate  at  which  mtermoleeular  ervs- 
tal  laltie  forces  were  overcome  during  the  H.M.X  livjuettietion 
signifie.iiitlv  affected  the  burn  rate  ''  (inverse  KDIE).  a  slight 
disruption  vvf  the  HMX-cp  vvith  its  crystal  l.ittice  regulantv  hv 
the  inclusion  of  heavier  HMX-d.  molecules,  ev'iild  teasiblv 
prv'duce  a  slightly  faster  burn  rate  th.m  pure  HM.X  .hist  the 
I'pposile  burn  rate  behavior  was  observed. 

5.  Conclusion 

U'hen  exteiuled  into  the  combustion  regime,  the  ev'iiilensed 
phase  kinetic  deuterium  is(vtope  effect  (KDlIi)  approach  pro¬ 
vides  a  nonintrusive  technique  for  the  selective  identification 
(if  key  mechanistic  features  which  control  a  compound's  in¬ 
herent  rate  ot  bum.  Burn  rate  ratios  comprised  of  HM.X  and 
Its  deuterium  labeled  (heavv  hydrogen)  analogue.  HM,X-d,. 
reveal  a  significant  KDIE  when  static  combustu'ii  conditivuis 
are  emploved  from  .son  psig  l.'  .s.sMra)  to  Tsoi)  psig 
(10,44  MPa).  These  observed  KDIE  values  verify  the  impor¬ 
tant  role  kinetic  control  piays  m  determining  the  HMX  bum 
rate  Honutlvtic  covalent  carbon-hvdrogen  (C-H)  hvmd  rup¬ 
ture  IS  the  rate-limitmg  mechanistic  step  in  the  kinetic  chemi¬ 
cal  reaction  which  ultimat  dv  determines  the  inherent  HMX 
burn  rate  at  .sOO  psig  |,7..s,s  MP,i)  .md  lOOO  psig  (6,9i)  MP;t) 
where  a  1  KDIE  occurs.  I'his  burn  rate-controlling  C'-H  bond 
rupture  conceivably  proceeds  iluring  the  solid  state  HMX 
decomposition  deflagration  pvvrtion  of  the  combustion  event, 
wherein  lowei  iiioT>.uiai  weight  d.-^..,..^  ition  products  are 
generated  prior  to  undergoing  a  highly  exothermic  flame  oxi¬ 
dation  in  the  gas  phase  portion  While  a  significant  KDIE 
icsults  at  Ts(K)  psig  ( 10.44  .MPa)  and  is  within  the  9s'y  cvmfi- 
dence  error  interval  of  a  T  KDIE  value,  its  'ower  magnitude 
could  indicate  a  true  2  KDIE.  or  alternatively  ,  a  1  KDIE 
being  masked  by  a  competing  rate-limiting  step  w  hich  does  not 
involve  direct  C'-H  rupture.  A  true  2'  KDIE  would  likelv  indi¬ 
cate  that  the  rate-contrv'lling  mechanisti.  feature  abruptiv 
transitions  to  a  rate-determining  ring  C'-N  bond  cleavage  at 
the  highest  pressure  investigated.  However,  a  masked 
E"  KDIE  involving  rate-limiting  C'-H  bond  rupture  may  be 
competing  vvith  another  rate-limiting  mechanistic  step  which 
does  not  involve  C'-H  boiul  rupture  and  which  graduallv 


PropcIiaiUs,  Explosives.  !’•. roteehciies  14.  'E'  -KO  i 


DeiilcniJin  Isninpe  1  llcsls  dunnv:  I  l\l\  C  orulHisiioii 


iilcieasL's  in  imporl.incL'  as  hniher  pressures  are  iinposeei  on  the 
eombusiion  event  In  this  ease,  the  lower  ohserxed  KDIE 
x.ilue  would  represent  a  number  eontainine  a  taetored  eompo- 
nent  ot  the  eompetme  reaetion  whose  isolated  KDIE  xalue 
wxHild  be  less  than  that  produced  b\  a  1  KDIl,. 

In  order  to  predict  burning  behavior,  hiture  computational 
modeling  must  address  ib  ignificani  contributu'n  chemical 
reaction  kinetics  brim’  ihe  UNIX  combustion  exent;  this 
experimental  KD''.  idx  xerifies  the  rate-controlling  role  of 
chemical  kineo  .  idditionallv.  the  role  of  eondensed  phase 
chemical  reactions  and  their  mechanistic  rate-controlling  step 
which  biaeticallx  determines  a  ci'nipruind's  inherent  burn  rate, 
mu  .  also  he  cmisidered  along  with  those  which  occur  m  the 
eas  phase.  I  his  studx  and  other  recently  puhhsheil  investiga¬ 
tions.  suggest  that  kev  mechanistic  features  previously  toiind 
via  the  condensed  phase  KOI!:  appro<ich  in  H.M.X  deci'mposi- 
tion  and  deflagration.  >ire  mirrored  m  the  higher  pressure  tem- 
|''erature  combustion  event,  and  with  careful  consideration, 
mav  he  extrapohiled  as  a  preliminarv  mechanistic  guide  tor 
investigating  the  combustion  phenomenon.  Most  im^airtantb. . 
the  extension  of  the  condensed  phase  KDIl:  approach  with 
IIMX  Irom  mechanistic  isothermal  decomposition  and  dellag- 
ration  investigations  to  those  id  the  combustion  legime.  pro¬ 
vides  a  powertul  new  and  general  technique  for  sv  stematieallv 
elucidating  the  kex  chemical  leactiv'ii  steps  and  mechanistic 
teatures  which  kineticallv  control  a  compound's  inherent  burn 
rate. 
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